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a  b  s  t  r  a  c  t
d-Glucans  possess  immunomodulatory  activities  and potential  for the  development  of  new  therapeu-
tic  agents.  Biological  activities  can be enhanced  in these  biopolymers  through  chemical  derivatization,
e.g.,  carboxymethylation.  This  work  presents  the  carboxymethylation,  characterization  and  the  evalua-
tion of  antioxidant  activities  of  the  exocellular  (1  → 6)--d-glucan  produced  by Lasiodiplodia  theobromae
MMPI.  Thermal  analysis  indicated  that the  native  and  carboxymethylated  polysaccharides  presented
four  stages  of  mass-loss.  The  ﬁrst  stage  occurred  at 125 ◦C (loss  of water)  with  two  consecutive  events
of  mass  loss  (200–400 ◦C) attributed  to  polymer  degradation  and  the fourth  stage  between  425 and
◦
-Glucans
xopolysaccharides
ntioxidant capacity
620 C (ﬁnal  decomposition).  Scanning  electron  microscopy  analysis  indicated  that the  gross  morpholog-
ical  features  of lasiodiplodan  were  ruptured  following  carboxymethylation.  X-ray  diffractometry  analysis
demonstrated  that the native  and  carboxymethylated  polysaccharides  presented  a non-crystalline  struc-
ture. Carboxymethylation  contributed  to improving  the  polysaccharide’s  water  solubility  and antioxidant
capacity.
© 2015  Elsevier  Ltd.  All  rights  reserved.. Introduction
The non-cellulosic -d-glucans are carbohydrate biopolymers
hat can be found as constituents of the cell walls of bacteria,
ungi, algae and plants including cereals (barley and oats; Rieder,
nutsen, Ballance, Grimmer, & Airado-Rodríguez, 2012), and are
omposed of chains of d-glucopyranose units linked by various
lucosidic bonds through -anomeric conﬁgurations (Kagimura,
unha, Barbosa, Dekker, & Malfatti, 2015). Some glucans can also
e secreted by bacteria and fungi into the culture ﬂuid in which the
icroorganisms are grown, and are known as exopolysaccharides
EPS). These biomacromolecules may  present differences in chem-
cal structures or solubility in water and alkali (Novák & Vetvicka,
009). The -glucans belong to a group of physiologically-active
ompounds called Biological Response Modiﬁers (BRM) (Bohn
 BeMiller, 1995; Zong, Cao, & Wang, 2012) and have caught
∗ Corresponding author. Tel.: +55 46 3225 2596; fax: +55 46 3220 2500.
E-mail address: mcunha@utfpr.edu.br (M.A.A. da Cunha).
ttp://dx.doi.org/10.1016/j.carbpol.2015.03.045
144-8617/© 2015 Elsevier Ltd. All rights reserved.the attention of chemical and pharmaceutical commercial sec-
tors because of their biological and technological properties. They
are not synthesized in the human body, therefore, they are not
recognized by the immune system as self-molecules, and conse-
quently induce both innate and adaptive immune responses (Chen
& Seviour, 2007; Graubaum, 2012).
Different bioactivities have been demonstrated in -glucans
from fungi such as cellular antiproliferative activity in cancer
(Jabber, Mahdi, & Yaseen, 2011; Cunha et al., 2012; Fang et al., 2012;
Zabulyte et al., 2012), immunomodulation (Kim, Hong, Kim, & Han,
2011; Zykova et al., 2013), prebiotic activity (Lam & Cheung, 2013),
and as antioxidants (Deng et al., 2012; Giese et al., 2015). Another
property that has gained attention for -glucans is their use as solu-
ble ﬁbers. These polysaccharides can act as dietary ﬁbers protecting
the intestinal walls, as prebiotics exerting effects on the degra-
dation of available carbohydrates, and consequently, affect the
glycaemic index of ingested foods (Kozarski et al., 2013; Lazaridou,
Serafeimidou, Biliaderis, Moschakis, & Tzanetakis, 2014).
The different biological activities of -glucans can be mani-
fested in their molecular structure including the type of glucosidic
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onds, branches along the chain, the molecular weight, and sol-
bility in water (Volman, Ramakers, & Plat, 2008; Graubaum,
012). Thus, chemical structural modiﬁcations such as sulfona-
ion (Liu et al., 2014), carboxymethylation (Wang, Wang, Liu,
uan, & Yue, 2013b), phosphorylation (Ye, Xu, & Li, 2012), and
cetylation (Chen et al., 2014b) are considered important tools to
nhance their biological properties and pharmacological applica-
ions (Tranquilan-Aranilla, Nagasawa, Bayquen, & Dela Rosa, 2012;
e et al., 2012; Jindal et al., 2013; Kagimura et al., 2015). Derivatives
btained through carboxymethylation have properties with poten-
ial applications in the chemical, pharmaceutical, food and cosmetic
ndustries (Tranquilan-Aranilla et al., 2012). Derivatization through
arboxymethylation contributes to increased solubility, decreased
iscosity (Chen et al., 2013), and enhanced biological activities such
s antiproliferation of cancer cells (Kogan et al., 2002; Zhang, 2004;
iater et al., 2012), and antioxidant activities (Wang, Yu, & Mao,
009).
There is no exact and speciﬁc mechanism of action that explains
he antioxidant capacity of carbohydrate polysaccharides; how-
ver, this may  be associated with the ability to transfer electrons
hrough the donation of hydrogen. Polysaccharides may  possess
he ability to donate hydrogen atoms because of their low dissoci-
tion energy from the OH bond (Jin, Lu, Huang, Wang, & Wang,
011) In addition, the insertion of groups such as sulfonates and car-
oxymethylates diminish even further the OH dissociation energy,
acilitating hydrogen donation (Jin et al., 2011).
Glucans, such as the (1 → 6)--d-glucans, are generally found
s insoluble components in the cell wall of Ascomycetes and Basid-
omycetes (Lesage & Bussey, 2006) and can be isolated following
rocedures involving sequential extractions with hexane, hot and
old water, and alkalis (Corradi da Silva et al., 2008). They may
lso exist as exocellularly secreted polysaccharides. Our research
roup has described a (1 → 6)--d-glucan named lasiodiplodan
LAS) produced exocellularly by the fungus Lasiodiplodia theobro-
ae MMPI  (Vasconcelos et al., 2008). This biopolymer was secreted
n large quantities in the culture medium by submerged fermenta-
ion (SmF), and can easily be obtained through simple and low-cost
ermentation procedures, and the EPS isolated simply by precipita-
ion with alcohol (Cunha et al., 2012).
This is the ﬁrst report on the preparation of carboxymethy-
ated lasiodiplodan (LAS–CM), and its structural characterization
y Fourier-transform infrared (FT-IR) and 13C nuclear magnetic
esonance (NMR) spectroscopies. We  also describe the thermal
roperties, X-ray diffraction characterization, water solubility,
canning electron microscopy (SEM) and in vitro antioxidant prop-
rties evaluation of LAS–CM, and these are compared with the
riginal unmodiﬁed parent polysaccharide, LAS.
. Experimental
.1. Materials and chemicals
Dialysis membranes (∼=12,000 Da, 1.3 in. width, MWCO  11,331),
mberlite resin (IR-120 H+) and glucose were purchased from
igma-Aldrich. All chemicals were of analytical grade and used
ithout further puriﬁcation.
.2. Lasiodiplodan production and recovery
The ascomyceteous fungus, L. theobromae isolate MMPI, was
sed to produce lasiodiplodan. SmF  was conducted in a 2-L
tirred-tank bench-top bioreactor (Biostat B, B. Braun International,
ermany) with controlled temperature. The volume of the culture
edium was 1.0 L, and fermentation was conducted with an air-
ow set at 0.8 vvm, agitation speed of 400 rpm for 72 h at 28 ◦C. Theolymers 127 (2015) 390–399 391
initial pH of the nutrient medium was adjusted to 5.5 (1 M HCl).
The nutrient medium consisted of minimum salts medium (Vogel,
1956) and glucose (20 g/L) as the carbon source, and was  inocu-
lated with 100 mL  of inoculum prepared as described by Cunha et al.
(2012).
At the end of the fermentation run, the fungal biomass was
separated by centrifugation (1500 × g, 30 min), the supernatant
recovered and exhaustively dialyzed against cold water (4 ◦C) using
dialysis membranes (MWCO  11,331). The EPS (LAS) was precip-
itated from the dialyzed supernatant with 3 vol. abs. ethanol at
4 ◦C (overnight). The precipitate was recovered by ﬁltration, and
re-solubilized in distilled water at 60 ◦C under agitation until all
the precipitate was dissolved. The resulting solution was  exhaus-
tively dialyzed against distilled water (6 d with 3-daily changes of
water), and then lyophilized and stored in a sealed container at 4 ◦C.
2.3. Carboxymethylation of lasiodiplodan
Lasiodiplodan was  carboxymethylated (LAS–CM) according to
the protocol described by Wang and Zhang (2009) with modiﬁca-
tions. LAS (250 mg)  was  suspended in 15 mL  isopropanol at room
temperature and stirred for 15 min. Ten milliliters of 30% NaOH
solution (w/v) was  slowly added to the mixture and stirred at
50 ◦C until the complete solubilization of LAS. Subsequently, 3 g of
chloroacetic acid (suspended in a small volume of distilled water)
was added while stirring. The reaction was left for 8 h at 50 ◦C.
The mixture was  then cooled to room temperature and neutralized
with 0.5 M HCl. The resulting solution was  dialyzed against distilled
water for 8 d with frequent changes of water. The dialyzed product
(LAS–CM) was  lyophilized (LAS–CM–Na: carboxymethylated in the
form of sodium salt).
2.3.1. Determination of the degree of substitution (DS)
The degree of substitution of the LAS–CM derivative was  deter-
mined using the protocol described by Tatongjai and Lumdubwong
(2010). LAS–CM (150 mg)  was dissolved in 100 mL of ultrapure
water (Milli-Q) through vigorous homogenization in a vortex
for 3 min  and centrifuged. The LAS–CM–Na salt present in the
supernatant was converted to the acid form (LAS–CM–H) by pas-
sage through an ion-exchange column (6 cm × 1.5 cm)  containing
Amberlite IR-120 at a ﬂow rate of 3 mL/min. The column was eluted
with 400 mL of ultrapure water (Milli-Q) and the efﬂuent col-
lected (500 mL)  was  evaporated under vacuum at 40 ◦C on a rotary
evaporator. The resulting product was  dissolved in 100 mL  of dis-
tilled water and mixed with 3 drops of phenolphthalein, 2 mL of
methanol, and 15 mL  of 0.1 M NaOH, and the mixture titrated with
0.1 M HCl with water used as a blank. The DS was calculated from
the following equations:
Wc  = c  × Mc  × (Vb − Vs) × 100%
m
DS = Wc  × Ma
(100% − Wc)X  × Mc
where Wc:  is the content of carboxymethyl groups in the sample
solution (% by mass); c: is the concentration of the HCl solution
(0.1 M)  used in the titration; Mc:  is the molar mass of functional
carboxymethyl groups that reacted with LAS (58 g/mol); Ma:  is the
molar mass of one anhydrous glucose unit (162 g/mol); Vb: is the
volume of HCl used for titrating the blank (mL) Vs: is the volume of
HCl used for titrating the sample (mL); m: is the mass of the sample
used in the titration LAS–CM (mg); DS: is the degree of substitution
of carboxymethyl groups in the sample.
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.4. Fourier transform-infrared (FT-IR) spectroscopy
FT-IR spectra of LAS and LAS–CM were obtained using a FT-
R Spectrometer Frontier (Perkin Elmer, USA) instrument in the
000–500 cm−1 region using KBr discs.
.5. 13C nuclear magnetic resonance (NMR) spectroscopy
13C NMR  spectra were obtained on a Nuclear Magnetic Reso-
ance Imaging Spectrometer (BRUKER, model DRX 200 MHz, 4.7 T).
euterium oxide (D2O, 99.9%) was used as a solvent for LAS and
AS–CM (10 mg/mL), which were evaluated at 303 K (29.85 ◦C).
pectra were recorded using tetramethylsilane as an internal
tandard reference; chemical shifts (ı) were expressed in ppm rel-
tive to the 13C signals.
.6. X-ray diffractometry (XRD)
X-ray diffraction patterns (XRD) of LAS and LAS–CM were
btained using a Shimadzu, Diffractometer (XDR-6000 model) with
 copper lamp radiation source (CuK = 1.5418 A˚), 30 mA  current,
0 kV tension, 0.5◦/min speed, and 0.02◦ step.
.7. Scanning electron microscopy (SEM)
SEM was used to analyse the surface morphology of LAS and
AS–CM. The micrographs were obtained in a benchtop scan-
ing electron microscope (Hitachi, model TM3000, USA) using the
yophilized samples of the polysaccharides. The samples were laid
n the equipment’s support attached on carbon tapes, and images
aken at magniﬁcations of 200, 400, 800, 1500, and 2000×.
.8. Thermal analysis
The lyophilized samples of LAS and LAS–CM were subjected
o differential thermal analysis (DTA), thermogravimetric analy-
is (TGA), and derivative thermogravimetry (DTG) carried out on
 SDT Q600 (TA Instruments, USA). The loss of mass was followed
etween 26 and 800 ◦C at a heating rate of 10 ◦C/min, and a syn-
hetic air ﬂow rate of 50 mL/min.
.9. Water solubility determination
The water solubility of LAS and LAS–CM was assessed using the
rotocol described by Wang et al. (2012) with modiﬁcations. The
olysaccharide samples (100 mg)  were suspended in distilled water
8 mL), stirred for 24 h at 25 ◦C, and then centrifuged (3000 × g,
5 min). Total sugars content was quantiﬁed by the phenol-sulfuric
ethod (Dubois, Gilles, Hamilton, Rebers, & Smith, 1956), in the
upernatant, and directly related to the amount of soluble sample
onsidering the purity of the biopolymer (95% of total carbohy-
rates). The solubility in water was expressed as a percentage of
oluble mass (% of soluble polysaccharide) and the amount of sol-
ble mass (g) in 1 mL  of water.
.10. In vitro antioxidant activity assay
.10.1. DPPH free radical spectrophotometric assay
The antioxidant activity of LAS and LAS–CM was evaluated using
he DPPH (1,1-diphenyl-2-picrylhydrazyl) radical removal capacity
ethod according to Jing et al. (2014). The total antioxidant capac-
ty was determined in relation to the percentage of DPPH radical
emoval.
In a test tube, 1.90 mL  of a 0.2 mM DPPH ethanolic solution
as mixed with 0.10 mL  of LAS or LAS–CM solutions (concen-
rations of 50, 100, 250, 500, 1000, 2000, 5000, 10,000, andolymers 127 (2015) 390–399
15,000 g/mL in water) and 3 mL of abs. ethanol. Absorbance
was measured at 517 nm after 30 min  on a UV/vis Digilab-Hitachi
U-2800 Spectrophotometer (Lambda Advanced Technology, UK).
Vitamin C (Sigma-Aldrich, USA) and Trolox (a water-soluble analog
of vitamin E: 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid; Sigma-Aldrich, USA) were used as controls. A decrease in
absorbance in the reaction mixture indicated increased antioxidant
activity. The capacity of DPPH radical removal was  calculated from
the equation below:
DPPH radical removal (%) =
[
A0 − A1
A0
]
where A0: is the absorbance of the control (reaction mixture with-
out polysaccharide sample); A1: is the absorbance in the presence
of the sample.
2.10.2. ABTS radical cation decolorization assay
The capacity of LAS and LAS–CM to sequester the ABTS radical
generated from 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic
acid) was  evaluated according to the methodology described by
Cheng et al. (2013). The ABTS radical was  produced through the
reaction between 5 mL  of ABTS solution (7 mM)  and 88 L of
potassium persulfate solution (2.45 mM)  in the dark and at room
temperature for 16 h. Thereafter, 3 mL  of this mixture was  diluted
in abs. ethanol until an A734 of 0.700 ± 0.02 was obtained. In test
tubes, 30 L of LAS or LAS–CM samples (concentrations of 50, 100,
250, 500, 1000, 2000, 5000, 10,000, and 15,000 g/mL in water)
were mixed with 3.0 mL of ABTS radical solution. The tubes were
vortexed and left in the dark for 6 min. The percentage of ABTS
radical removal was  calculated from the equation:
ABTS radical removal (%) =
(
1 − Asample
Acontrol
)
× 100
where Asample is the absorbance in the sample with ABTS radical;
Acontrol is the absorbance in the ABTS-radical only.
2.10.3. Ferric reducing antioxidant power (FRAP)
The ferric reducing power of LAS and LAS–CM was  assessed by
their reducing capacity against 2,4,6-tripyridyl-s-triazine (TPTZ)
complex ([Fe(III)-(TPTZ)2]3+) according to the method described
by Wang et al. (2013a,b). The assay is based on the reduction
of ([Fe(III)-(TPTZ)2]3+ complex to the ferrous complex ([Fe(II)-
(TPTZ)2]2+ with intense blue colour formation in an acid medium
through the action of antioxidant compounds. The FRAP reagent
was prepared by mixing 25 mL  of acetate buffer (0.3 M),  2.5 mL  of
TPTZ solution (10 mM),  and 2.5 mL  of an aqueous solution of fer-
ric chloride (20 mM).  The reagent was  freshly prepared and used
immediately. A total of 90 L of LAS or LAS–CM samples (con-
centrations of 50, 100, 250, 500, 1000, 2000, 5000, 10,000 and
15,000 g/mL) were added to a test tube together with 270 L
of distilled water and 2.7 mL  of the FRAP reagent. The tubes were
shaken and incubated at 37 ◦C for 30 min. Analyses were conducted
in triplicate and read at A595 nm using the FRAP reagent as the blank.
Ferrous sulfate at the concentrations of 100, 500, 1000, 1500, and
2000 M were used in the calibration curve and the results were
expressed in M of FeSO4·7H2O.
2.11. Statistical analysisEach antioxidant activity assay was  performed in triplicate. Sta-
tistical analyses were carried out in R environment (R CORE TEAM,
2014). Antioxidant activity data was  assessed by analysis of vari-
ance, and the means were compared by Tukey’s test (p < 0.05).
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. Results and discussion
In another paper from our group (Cunha et al., 2012), we
eported on the production of lasiodiplodan (LAS) by L. theobromae
MPI  via submerged fermentation in which we  elaborated on the
ermentation kinetics. The yield (YP/S) of LAS obtained was  0.21 g/g
lucose consumed, and the ﬁnal amount of product produced when
he fungal isolate was grown on d-glucose was 6.0 g/L.
When LAS was derivatized by carboxymethylation, the yield of
M-LAS obtained following dialysis and lyophilization was  ∼90% by
eight. A similar yield (93.5%) after carboxymethylation of a highly
ranched (1 → 4)--d-glucan (RPS3) isolated from the mycelium of
hizoma panacis japonica was reported by Chen et al. (2014a), who,
hrough detailed characterization, found that the molecular weight
f the carboxymethylated polysaccharide was 2.3-fold lower than
he underivatized parent molecule. The reason being that likely
egradation occurred during the chemical derivatization step.
.1. FT-IR analysis
The FT-IR spectra from LAS and LAS–CM are shown in Fig. 1.
oth spectra were similar, showing typical signs of polysaccha-
ides in the region between 4000 and 400 cm−1. In both spectra,
he band between 3311 and 3424 cm−1 is attributed to vibra-
ions of OH stretching. The peak at 2923 cm−1 is attributed to
H stretching in the CH2 groups. The two strong absorption
ands in the regions of 1604 cm−1 (COO−) and 1421 cm−1 (COO−)
bserved in the spectrum of the LAS–CM sample resulted from the
OO− asymmetric and symmetric stretch vibrations, respectively,
nd indicate biopolymer carboxymethylation. The absorption at
648 cm−1 observed in the LAS spectrum was attributed to the glu-
ose ring (Xu et al., 2009). The strong signal observed in the LAS–CM
pectrum in the region 1604 cm−1 can also be attributed to the
lucose ring associated with the absorption of the COO− group. In
oth spectra, the C O C (characteristic group of sugars) symmetric
tretching vibrations appear around 1075 cm−1, and the asymmet-
ic stretching vibrations at around 1269 cm−1 and 1247 cm−1. The
ands observed in the 1350 cm−1 to 1450 cm−1 region for LAS,
ere attributed to the symmetric deformation of the CH2 and COH
roups.
.2. 13C NMR  analysis
Fig. 2 shows the 13C NMR  spectrum of LAS and LAS–CM. 13C
MR  analysis showed that LAS–CM has a -conﬁguration as judged
y a typical chemical shift at around 105 ppm. The chemical
hifts observed in the LAS–CM sample at ı76.084, ı71.031, and
63.659 were attributed to carbons 2, 6 and 5, respectively. The
3C NMR  spectrum of LAS–CM showed that the ı180.649 chem-
cal shift was  attributed to the carbonyl group and ı70.3 to the
ethylene carbon in the carboxymethyl group, conﬁrming polymer
Fig. 1. FT-IR spectra of LAS (A) olymers 127 (2015) 390–399 393
carboxymethylation, as indicated by FT-IR analysis. The chemical
shifts of the C3 signals from 75.976 to 85.143 ppm, and C4 sig-
nals from 71.111 to 81.749 ppm suggest that carboxymethylation
occurred on carbons 3 and 4.
3.3. Degree of substitution of the LAS–CM preparation
LAS–CM presented a DS of 1.27, which indicates that under
the operational conditions used for carboxymethylation, a high
degree of substitution of hydroxyls by carboxymethyl groups was
obtained.
The reaction time and the concentration of the derivatiz-
ing agent are parameters that strongly inﬂuence the degree of
substitution of the molecule. Wiater et al. (2012) reported a
carboxymethylated derivative of (1 → 3)--d-glucan from Gan-
oderma lucidum with degrees of derivatization of 1.04, 0.94
and 0.92. Monochloroacetic acid (127 mg)  was employed as the
derivatizing agent, at 50–60 ◦C and 5-h reaction time. Similarly,
Wang et al. (2012) submitted the polysaccharide, pachyman,
obtained from Poria cocos, to carboxymethylation using amounts
of monochloroacetic acid between 4.2 and 10.5 g, a reaction time
of 3 h and a temperature of 60 ◦C. The reaction conditions led to
derivatives with DS between 0.40 and 0.88.
3.4. X-ray diffractometry (XRD)
In general, -glucans present broad peaks due to their polymeric
structures (Veverka et al., 2014). Fig. 3 shows the diffractogram pro-
ﬁles for both samples (LAS and LAS–CM), and presents structures
that are different from conventional crystalline structures.
A major difference was observed in the 2 diffractograms, specif-
ically in the region between 3◦ (2) and 15◦ (2) for the LAS–CM
sample. There was  also a slight shift to the right by the LAS–CM
sample at the major peak located between 5◦ (2) and 15◦ (2)
compared to the LAS sample. Such peaks may  be associated with
a lightly crystalline structure, with a non-preferential orientation,
indicated by a wide peak. The peak observed in the region between
3◦ (2) and 15◦ (2) was lost after carboxymethylation, possibly
because of the formation of new chemical bonds (carboxymethy-
lation) in the polymer structure that may  have disrupted some
crystallinity. In addition, the shift of the main peak after car-
boxymethylation may  have been due to possible stress introduced
into the structural network resulting from new chemical bonds. The
diffractograms indicated that speciﬁc point modiﬁcations occurred
in the biopolymer structure following carboxymethylation, how-
ever, the main structure remained preserved.
Veverka et al. (2014) described a diffractogram pattern in a com-
mercial -glucan (93% purity) that was similar to that observed
in LAS. The -glucan samples studied by these authors presented
XRD patterns that were formed by two very broad peaks typical
of non-crystalline material. Qian, Chen, Zhang, and Zhang (2009)
and LAS–CM (B) samples.
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escribed polysaccharides from the fungi Agaricus blazei Murill, G.
ucidum and Lentinus edodes with amorphous structures. These dif-
erent fungal polysaccharides presented non-crystalline structures
ith “bun-shaped” X-ray diffraction curves. Novák et al. (2012)
repared ﬁlms from -glucans isolated from baker’s yeast (Saccha-
omyces cerevisiae)  that also did not demonstrate crystallinity; no
vidence of a crystalline peak was observed within the range of
0–60◦ (2).
.5. Scanning electron microscopy (SEM)
Fig. 4 shows SEM images from LAS and LAS–CM. LAS presented
pherical structures like granules (Fig. 4A and B) with an ovoid
hape and average diameter of 3.33 m.  A homogeneous distribu-
ion of the granules along surfaces similar to irregular plates was
bserved.
Conversely, micrographs obtained from LAS–CM (Fig. 4C and
) indicated that there was loss of granular structure followingS and LAS–CM samples.
derivatization as the structures were without deﬁned shape or
dimensions (structures different from granules). Similarly to what
was observed in LAS granules, the irregular structures observed
after carboxymethylation were also arranged on plates, and these
plates showed cracks along the surface. Similarly, Jing et al. (2014)
veriﬁed by SEM that a polysaccharide composed of glucose and
rhamnose presented structures composed of a surface in the form
of “leaves” (similar to irregular plates) with random ovoid shapes
of about 2 m diameters distributed throughout the area; mor-
phology attributed to the polysaccharide network structure. Ma,
Chen, Zhang, Zhang, and Fu (2012) evaluated the morphology of
a polysaccharide from the mushroom, Inonotus obliquus, before
and after carboxymethylation. The native polysaccharide exhibited
fragments without uniform sizes after carboxymethylation, and the
particles were similar to tiles.
3.6. Thermal characterization
Fig. 5 shows the thermogravimetric (TG), derived thermogravi-
metric (DTG), and differential thermogravimetric (DTA) curves for
LAS (Fig. 5A) and LAS–CM (Fig. 5B). According to the thermal anal-
ysis data, both samples showed four stages of mass-loss. The ﬁrst
stage of mass-loss occurred up to 125 ◦C in LAS, being attributed
to water elimination. Such water loss is evidenced through an
endothermic peak at 52 ◦C in the differential thermogravimetric
curve. Thereafter, there were two consecutive events with mass-
loss between 200 ◦C and 400 ◦C corresponding to the thermal
degradation of the molecule with an exothermic peak observed at
340 ◦C in the DTA. A fourth stage of mass-loss was  veriﬁed between
425 ◦C and 620 ◦C that corresponded to the ﬁnal decomposition
(carbonization) of the LAS sample, with one exothermic peak at
510 ◦C (Fig. 5A).
The ﬁrst stage of mass-loss of LAS–CM occurred up to 140 ◦C
being attributed to water elimination, and was indicated by an
endothermic peak at 65 C in the DTA. The second stage of mass-
loss occurred between 200 ◦C and 370 ◦C, corresponding to the
decomposition of the molecule and indicated by an exothermic
peak at 320 ◦C (DTA). The third stage of mass-loss was attributed to
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Fig. 4. Micrographs of LAS and LAS–CM obtained by scanning electron microscopy. (A) LAS at 200× magniﬁcation, (B) LAS at 1500× magniﬁcation, (C) LAS–CM at 400×
magniﬁcation, and (D) LAS–CM at 1500× magniﬁcation.
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he decomposition (oxidation) of the molecule observed between
96 ◦C and 660 ◦C, and indicated an exothermic peak at around
90 ◦C (DTA). A fourth stage was identiﬁed between 595 ◦C and
60 ◦C, and was attributed to ﬁnal molecule decomposition and
emonstrated by an endothermic peak at 643 ◦C (DTA) (Fig. 5B).
In the ﬁrst event related to water loss, the samples lost 7.68%
LAS) and 14.17% (LAS–CM) in mass; however, the mass remained
table in both samples for up to 200 ◦C. Mass losses of 85.78% and
7.33% were observed in LAS and LAS–CM at 800 ◦C, respectively.
levated thermal stability was observed in the samples considering
he industrial production patterns and similar thermal behaviour
n both samples.
Kambourova et al. (2009) veriﬁed that the initial mass-loss
ccurring between 50 ◦C and 60 ◦C in a glucan from Geobacil-
us tepidamans V264 was due to water elimination; the sample
roved to be stable up to 250 ◦C and then began to breakdown LAS (5A) and LAS–CM (5B).
at 280 ◦C. Similarly, Buriti et al. (2014) observed three mass-loss
events in a galactomannan from Caesalpinia pulcherrima. The ﬁrst
stage, attributed to water evaporation, occurred at 58 ◦C. The fol-
lowing events were related to thermal decomposition occurring
after 260 ◦C. The maximum mass loss (approximately 80%) occurred
between 290 ◦C and 350 ◦C. Cardozo et al. (2013) obtained thermo-
grams with three decaying steps (mass-loss) in the polysaccharide
samples from the fruiting body of Agaricus brasiliensis.  An initial
event represented loss of water, followed by a second stage of
decomposition at 266 ◦C (non-derivatized samples) or at 217 ◦C
(sulfonated samples), suggesting that sulfonylation contributed to
certain reduction in thermal stability of the biomolecule. Mohite
and Patil (2014) studied the thermal stability of bacterial (Glu-
conoacetobacter hansenii NCIM 2529) cellulose demonstrating that
the molecule was stable up to 220 ◦C, and mass-loss occurred up to
120 ◦C due to dehydration and corresponded to 8%.
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.7. Solubility in water
The chemical modiﬁcation of polysaccharides is often related
o changes in their solubility in water. The insertion of chemi-
al groups on the hydroxyl groups of polysaccharides decreases
he intramolecular and intermolecular interactions, which may
ake the molecule more hydrophilic (Wang & Zhang, 2009; Xu
t al., 2009; Yang et al., 2011). In the present study, LAS pre-
ented only 3% (0.42 mg/mL) water solubility., and this increased
o 63% (8.9 mg/mL) when carboxymethylated as in LAS–CM. Bai,
u, Zhang, Xu, and Mai  (2014) evaluated the solubility of -
lucans after carboxymethylation and sulfoethylation, noting that
he derivatized polysaccharide presented higher solubility than
he parent molecule, and that the carboxymethylated deriva-
ive marginally presented greater solubility (86.56%) than the
ulfoethylated derivative (81.70%). Wang et al. (2012) also demon-
trated greater water solubility for the polysaccharide “pachyman”
fter carboxymethylation. The original polysaccharide, which
ppeared insoluble in water, showed solubility of 0.52 mg/mL
∼=0.1%) upon chemical modiﬁcation.
.8. Antioxidant activity
According to Kozarski et al. (2012), the antioxidant potential
f carbohydrates is considered weak when compared to standard
olecules such as Trolox (vitamin E analogue). Accordingly, the low
ntioxidant activity is due, in large part, to the presence of hydro-
en in the constituent monosaccharides. When monosaccharides
re in polymeric forms this activity increases (multiplier effect), but
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it is still relatively low. Furthermore, as demonstrated by Ker et al.
(2005), the activity of free-radical scavenging is dependent on the
molecule’s solubility. Low values of antioxidant activity found in
higher concentrations of polysaccharides can be explained by the
low solubility due to aggregation in the molecule through inter-
molecular and intramolecular bonds of the hydroxyls.
An alternative to potentiate antioxidant activity is the intro-
duction of carboxymethyl groups, which increases the electronic
cloud in the molecule, making the hydroxyls more “active”, i.e., the
potential for hydrogen donation is increased (Chen et al., 2013).
The results of evaluating the antioxidant capacity of LAS and
LAS–CM by different methods are presented as histograms in
Figs. 6–8. The error bars indicate statistical differences (p < 0.05).
3.8.1. ABTS cation free radical-scavenging activity
Fig. 6 demonstrated the capacity of LAS, LAS–CM and glucose
to remove ABTS-radical cation. The ABTS method is based on the
generation of the ABTS-radical cation (greenish-blue colour) by
reaction of ABTS with potassium persulfate. By adding an antioxi-
dant, there is a reduction of the ABTS-radical cation promoting loss
of colour of the reaction medium.
Antioxidant activity was  evaluated up to a concentration
of 15,000 g/mL for LAS–CM, while LAS, was evaluated up to
5000 g/mL due to the low solubility of LAS at higher concentra-
tions.LAS and LAS–CM showed similar capacity for scavenging the
ABTS-radical cation at concentrations between 50 and 1000 g/mL
(with no signiﬁcant difference between the results in a conﬁdence
interval at 95%). LAS–CM showed greater capacity of ABTS-radical
000 2000 5000 10000 15000
tion  (µg /mL)
cose LAS
g activity by LAS and LAS–CM.
00 2000 5000 10000 15000
tion (µg /mL)
ose LAS
ty by LAS, LAS–CM and glucose.
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Fig. 8. Iron(III) reducing power e
ation removal than LAS at higher concentrations (2000 and
000 g/mL), with highest percentage removal (36.28%) occur-
ing for LAS–CM at 10,000 g/mL. Although carboxymethylation
mproved the antioxidant activity of the modiﬁed biopolymer,
AS–CM still showed a relatively low potential for ABTS-radical
ation scavenging activity. This feature is possibly associated with
he structure of LAS–CM, especially in relation to the degree of car-
oxymethylation because LAS–CM presented a high DS (1.27). Ker
t al. (2005) reported a greater capacity of free radical removal in
olecules with a high concentration of available hydroxyls. Thus,
olecules with high DS may  have reduced antioxidant capacity
s a function of the small number of hydroxyl groups available as
ydrogen donors.
Glucose demonstrated poor capacity for ABTS-radical cation
cavenging activity than LAS and LAS–CM indicating that the size
f the molecule tended to inﬂuence its antioxidant activity. Giese
t al. (2015) reported that monosaccharides (glucose, fructose,
rabinose, mannose, xylose, galactose) showed less than 13% ABTS-
adical cation removal at a concentration of 1 g/L. In general, the
hree evaluated compounds showed relatively low antioxidant
ctivity in relation to the ABTS-radical cation removal capacity of
he reference standards, Trolox and vitamin C, that removed 100%
f ABTS-radical cation at 5000 g/mL under the same conditions.
Yang et al. (2011) described that the ability of ABTS-radical
ation removal in a carboxymethylated polysaccharide from Auric-
laria auricula was higher (60%) compared to the non-modiﬁed
arent polysaccharide (40%). Wang et al. (2013a) evaluated the
otential for ABTS radical cation scavenging activity by a polysac-
haride from Lactarius camphoratus and reported more than 90%
emoval at 10,000 g/mL in a dose-dependent manner.
.8.2. Scavenging activity removing the DPPH radical
Fig. 7 shows the ability of LAS, LAS–CM and glucose to scavenge
PPH radicals. The method is based on the ability of a substance
o sequester DPPH free-radical. DPPH is reduced when receiv-
ng a hydrogen from a donor substance (antioxidant) generating
iphenyl-picryl-hydrazine (yellow coloured) and is accompanied
y a decrease in absorption.
The ability to remove DPPH-radicals by LAS was  not evaluated
t the higher concentrations (10,000 and 15,000 g/mL) because of
he difﬁculties of solubilizing this EPS at such concentrations. The
emoval of the DPPH-radicals by LAS and LAS–CM occurred in a
imilar manner up to 1000 g/mL (with no signiﬁcant difference,
 < 0.05) when the removal capacity by LAS decreased. By contrast,
AS–CM continued scavenging capacity from 5000 g/mL onwards
Fig. 7). The scavenging activity of LAS was possibly impaired
t higher concentrations because of its decreased solubility in
queous solutions. With respect to glucose, a non-uniform patterntion  (µg /mL)
ed by LAS, LAS–CM and glucose.
of DPPH removal was observed up to 1000 g/mL, at which level the
removal capacity also decreased. Greater capacity of DPPH-radical
removal was  observed by LAS–CM at 10,000 g/mL (9.32%) than
by LAS; however, LAS demonstrated a similar capacity (9.60%) of
removal at 50 g/mL. The samples’ solubility could explain this
result; while LAS is less soluble, there was  a trend in its decreased
capacity with increased concentrations. LAS or LAS–CM scavenging
activities were considered low compared to Trolox and vitamin C,
because these standards removed 100% of the DPPH-radical under
the same conditions at the concentration of 5000 g/mL for the EPS
samples.
Wang et al. (2009) reported that carboxymethylated polysac-
charides from P. cocos demonstrated dose-dependent capacity of
DPPH radical removal with more than 50% radical removal at
600 g/mL, whereas the non-modiﬁed polysaccharide showed no
removal capacity. Yang et al. (2011) evaluated the antioxidant
activity of polysaccharides from A. auricula after carboxymethy-
lation. The DPPH-radical removal effect increased with increasing
concentrations from 0.1 to 1.6 mg/mL, with a radical capacity
removal of 46.38% for the non-modiﬁed polysaccharide, while the
carboxymethylated derivative showed removal of 63.03%.
3.8.3. FRAP assay
The power of reducing iron(III) to iron(II) was demonstrated by
LAS, LAS–CM and glucose is shown in Fig. 8. The reducing power was
relatively similar between LAS–CM and glucose at concentrations of
50 and 5000 g/mL, and higher than that observed by LAS at these
concentrations. Concentration (derivatized or not) of the biopoly-
mer  inﬂuenced the antioxidant activity against the tested reagent
(TPTZ). High ferric reducing power was  observed by LAS–CM at
high concentrations (10,000 g/mL: 287 M FeSO4.7.H2O equiv-
alent, and 15,000 g/mL: 536 M FeSO4.7.H2O equivalent). The
ferric ion reducing activities obtained for LAS, LAS–CM and glu-
cose can be considered to be low compared with those of Trolox
and vitamin C. Trolox or vitamin C showed reducing activities of
586 M FeSO4·7H2O equivalents, and 542 M FeSO4·7H2O equiva-
lents under the same conditions and at a concentration of 20 g/mL,
respectively.
Du and Xu (2014) evaluated the ferric ion reducing power of a
-glucan isolated from different sources. The highest value found
was 110 mol  Fe2+ equivalent/100 g in a commercial sample of car-
boxymethylated -glucan, while a commercial -glucan extracted
from yeast presented a value of 20 mol  Fe2 + equivalent/100 g.
Chen et al. (2014b) evaluated the reducing power of acetylated
and carboxymethylated polysaccharides from Ganoderma atrum,
and reported the lowest reducing power for the carboxymethylated
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erivative, with values of ∼20 mol  Fe(II)/g in the sample with DS
f 0.37, and 40 mol  Fe(II)/g for DS of 0.53.
. Conclusion
The derivatization protocol used on lasiodiplodan was effective
o produce a carboxymethylated polysaccharide with a DS of 1.27.
T-IR and 13C NMR  spectral analyses conﬁrmed that lasiodiplo-
an was carboxymethylated on carbons 3 and 4. The thermal
haracterization data indicated that both polysaccharide forms
resented high thermal stability making them amenable for use
nder industrial conditions. X-ray diffraction indicated that both
xopolysaccharides presented typical structures of non-crystalline
ompounds. The process of derivatization led to morphological
hanges in the polymer structure that resulted in loss of granu-
ar structure and the occurrence of cracks in the plate’s structure.
arboxymethylation contributed to improved water solubility.
he insertion of carboxymethyl groups decreased the intra-
olecular and intermolecular interactions making the molecule
ore soluble, which can strengthen its application as a healthcare
roduct. The higher solubility of the carboxymethylated biopoly-
er  (LAS–CM) can possibly contribute to an improvement of its
iological properties, e.g., antiproliferative and anticancer activity,
nd hypoglycaemic and hypocholesterolaemic action. However,
his requires further studies for evidence of such activities.
arboxymethylation increased antioxidant effect of the original
olysaccharides, conferring greater scavenging activity of DPPH-
adical and ABTS-radical cation removal, and increased its ferric
on reducing power capacity. The results of the work suggest that
arboxymethylation of lasiodiplodan may  be a viable mechanism to
nhance the biological activity of the parent polysaccharide (LAS),
esulting in interesting biomedical and industrial applications of
he derivatized biopolymer.
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